The path that the hand takes to intercept an elongated moving target depends on the target's orientation. How quickly do people respond to changes in the moving target's orientation? In the present study, participants were asked to intercept moving targets that sometimes abruptly changed orientation shortly after they started moving. It took the participants slightly more than 150 ms to adjust their hands' paths to a change in target orientation. This is about 50 ms longer than it took them to respond to a 5-mm jump in the moving target's position. It is only slightly shorter than it took them to initiate the movement. We propose that responses to changes in visually perceived orientation are not exceptionally fast, because there is no relationship between target orientation and direction of hand movement that is suYciently general in everyday life for one to risk making an inappropriate response in order to respond faster.
Introduction
In everyday life we interact with a wide variety of objects. Occasionally the objects are moving and usually we ourselves are moving. Sometimes there are also other moving objects. This is most evident in team sports such as basketball, where a running player may want to intercept a thrown ball while avoiding several opponents. Since sensory resolution is limited, predicting future positions from all these movements is prone to error, even for the theoretically predictable trajectory of a thrown ball. Moreover, many movements are clearly not predictable. For instance, another player's hand may deXect the ball in an attempt to catch it. Moreover, the opponents themselves may move diVerently than the player expected, or even push him so that he himself moves diVerently than he expected. In such cases it is clearly advantageous to be able to respond quickly to new visual information.
The results of a recent study suggested that it might be so advantageous to react quickly that people take the risk of responding incorrectly in order to respond faster. In that study obstacles sometimes jumped to new positions while the subjects moved their hand towards a target (Aivar et al. 2008) . In one condition, colliding with the obstacle could only be avoided by moving in the opposite direction than the one in which the obstacle had jumped. Subjects initially responded by following the obstacle with their hand. About 50 ms later a response in the appropriate direction replaced this initial incorrect one.
Inappropriate initial responses in the direction in which a target moved have been found when the task is to move in the opposite direction than the target (Day and Lyon 2000) , and when the task is to stop the movement if the target changes colour at the moment that it is displaced (Pisella et al. 1998) . Inappropriate responses have also been found when there is irrelevant motion in the background (Brenner and Smeets 1997; Whitney et al. 2003) . These responses may even be controlled sub-cortically (Day and Brown 2001) , although the posterior parietal cortex also seems to be involved (Pisella et al. 2000) . All this suggests that the E. Brenner (&) · J. B. J. Smeets Faculty of Human Movement Sciences, Vrije Universiteit, Van der Boechorststraat 9, 1081 BT Amsterdam, The Netherlands e-mail: e.brenner@fbw.vu.nl initial response is a direct response to certain visual information (the motion or displacement), rather than being based on a new evaluation of the circumstances.
In recent years it has become evident that successful interception relies on a large number of visual and other sources of information (reviewed in Zago et al. 2009 ). Are exceptionally fast responses only possible for changes in position? In order to answer this question one must examine other kinds of information for which such fast responses are likely to have evolved. Fast responses are most likely to be found for attributes that are important for action. The most obvious attribute to consider (besides position and change in position) is orientation. A target's orientation inXuences the trajectory that one takes to reach it, both for static targets (Brenner and Smeets 1995) and for moving ones (Brenner and Smeets 2007) . Moreover, having to judge the target's orientation does not delay the response to a change in target position-in the way that having to judge colour or texture does-when the orientation is used to recognize the target rather than to select a path (Veerman et al. 2008 ). The present study examines how people respond to a change in the orientation of a moving target that they are trying to intercept. If they respond directly to the visually perceived orientation we expect such responses to be exceptionally fast and reproducible, as they are for changes in position.
Methods
We used a simple interception task in which the target (an oriented ellipse) always appeared at the same place and moved in the same manner. The only diVerence between trials was the target's orientation (Fig. 1) . The task was always to hit the target as quickly as possible. On some trials the target orientation changed instantaneously near the moment that the hand started moving. We examined how much time it took to adjust the hand's path. More speciWcally, we compared the direction in which the hand was moving at each moment in time on trials in which the target orientation did and did not change. Of course the change must take place early during the movement because otherwise there may be no possibility to adjust the path adequately because the hand will have already moved too far. Moreover, later in the movement the direction of motion is likely to be more variable.
To be able to determine whether a change in movement direction is an automatic response to the target's rotation or a re-evaluation of the circumstances, we used asymmetrically coloured targets (see Fig. 1 ) so that we could distinguish between ¡90° (clockwise) and +90° (counterclockwise) changes in orientation. For ¡90° and +90°c hanges in orientation the targets appear to rotate in opposite directions, but the rotations result in the same target orientation. Of course an instantaneous ¡90° rotation is still equivalent to an instantaneous +270° rotation, but the percept is that of the smaller change in orientation. A control experiment was conducted in which the target jumped 5 mm rather than its orientation changing. The purpose of the control experiment was to determine the latency of fast responses to target displacement under similar conditions and for a comparable magnitude of eVect and analysis of the data as for changes in target orientation.
Subjects and sessions
Altogether, there were four sessions. In the three sessions of the main experiment the targets sometimes rotated. The sessions diVered in the moment at which this happened. In the single session of the control experiment the target sometimes jumped, either in the direction of motion or in the opposite direction. Eight subjects took part in each session. Several subjects, including one of the authors, took part in more than one session. Only the authors were aware of the purpose of the experiments, but the presence of diVerent target orientations and of the changes in target orientation in the main experiment was evident to all. In the control experiment the perturbations were not readily visible. On questioning after having performed the experiment none of the seven (non-author) subjects reported having noticed a jump in target position, but two believed that the speed diVered across trials, which may be the result of the jumps. All subjects noticed that the asymmetry in the colour within the target diVered across trials.
Equipment
Images (1024 by 768 pixels; 85 Hz) were projected from above onto a back-projection screen, 20 cm above a halfsilvered mirror. There was a large (WACOM A2) drawing tablet 20 cm below the mirror, positioned so that it coincided precisely with the apparent position of the screen as seen through the mirror. Thus the images appeared to the subject to be on the tablet. Subjects moved a stylus across the surface of the tablet. The stylus looked and felt like a normal pen, and was held like a normal pen, but it did not leave any trace when it was moved. Instead, the tablet determined the position of its tip at 200 Hz. Lamps between the half-silvered mirror and the drawing tablet ensured that subjects could clearly see the stylus and their hand as well as the projected images. A simple calibration whereby the experimenter aligned the tip of the stylus with small disks presented on the screen allowed us to later relate any position in the image to a position on the surface of the drawing tablet, and vice versa.
Stimulus and procedure
Subjects had to intercept the moving targets by moving the stylus across the drawing tablet. The instruction was to hit the targets as quickly as possible without lifting the stylus oV the surface. The stylus had to make contact with the target, but it did not have to stop when it did so. Due to the elongated shape of the targets, and the time pressure that encouraged subjects to intercept the targets by moving the stylus across them without slowing down substantially, it was clearly advantageous to aim for the less curved sides when approaching the targets. However we did not explicitly instruct subjects to do so.
Subjects started a trial by moving the stylus to a 0.5-cm diameter green disk. At a random time between 0.5 and 2 s after they did so, if the stylus was still at the starting point, the target appeared. If the stylus had started moving in anticipation of the target appearing nothing happened, and the subject had to return the stylus to the starting point to start the trial. The targets moved at 20 cm/s from left to right across a red background. They Wrst appeared 12 cm to the left of, and 20 cm further away than, the starting point. They were ellipses that were 3 cm long and 0.6 cm wide, and were black at one end and white at the other, with a gradual change in luminance along the long axis. The target stopped and a short tone could be heard if the target was hit.
There were 50 trials for each of the six conditions within each session of the main experiment (see Fig. 1 ). The conditions only diVered in the orientation of the target. In Wve of the six conditions the target was initially oriented at ¡30° (whereby zero degrees means that the target's long axis is aligned with the direction of motion, and a counterclockwise rotation is considered to be positive). In one of these Wve conditions the orientation did not change, and in the others it changed by ¡45°, 45°, ¡90° and 90°. In the sixth condition the target was oriented at 60° from the start. This condition was included to encourage the subjects to attend to the orientation as soon as the target appeared. In half the trials of each condition one of the ends of the ellipse was black, and in the other half the other end of the ellipse was black. The condition on each trial was chosen at random from all trials that remained to be done.
The only diVerence between the three sessions of the main experiment is whether the target's orientation changed 100, 200 or 300 ms after the target appeared (in the four conditions in which it changed). The control experiment consisted of a single session with seven conditions. The target was always oriented at ¡30°. After 100, 200 or 300 ms the target could be displaced by 5 mm either in the direction of motion or in the opposite direction. Each of the six combinations of the time and direction of the displacement was presented 30 times. The seventh condition, in which there was no displacement, was presented 90 times (it was presented more often in order to have the same fraction of perturbed trials as in the main experiment). Again half the targets of each condition were black at one end and half at the other, although in this experiment the gradient served no purpose other than to keep the stimuli identical to those of the main experiment. The task and procedure were identical to those of the main experiment, except that we asked subjects whether they noticed anything about the target after the session (in the main experiment there was no need ask whether they noticed the change in orientation because it was obvious that they did).
Analysis
Our main interest was in the responses to the perturbations: the §45° and §90° target rotations in the main experiment and the 5-mm target shifts in the control experiment. Our prediction was that if the target rotated ¡45° subjects would veer to the left, opposite the target's overall direction of motion, in order to approach the target further from the side. By doing so they would approach the target at an angle that is closer to 90° than it would be if they continued on the path that they would have taken if the orientation had not changed. They could also achieve the latter by moving more slowly and hitting the target later, and thus further along its path. If the target rotated +45° we predict the opposite response: veering to the right and moving faster to hit the target earlier, and thus further to the left. If the direction in which the hand moves is directly linked to the direction of rotation, we expect to see responses in the same directions for §90° changes in target orientation as for §45° changes. If only the Wnal target orientation matters ¡90° and +90° rotations will give identical responses. For the control experiment we expect the hand to veer in the direction of the target displacement.
Thus, we expect to see an eVect on the direction in which the stylus moves. We determined the stylus' direction of motion (as well as its speed) in the simplest possible manner from consecutively recorded positions. Rather than smoothing the data by Wltering in time, we did so by averaging across trials. The advantage of doing so is that the temporal resolution is maintained. We used the median rather than the mean to reduce the sensitivity to outliers. Since we are particularly interested in fast direct responses to the visual images, that can be expected to be consistent across subjects, we conduct our further analysis on the basis of the subjects' average values rather than on the basis of individual trials. To nevertheless get some idea of the variability between trials, we also analysed the lateral variability (the inter-quartile range) in the position of the stylus when it was half way to the target (in the sagittal direction). Since the starting point was always the same, the lateral position can be considered to represent the cumulative direction of motion during the Wrst half of the movement. Since we cannot be completely sure that subjects do not change the timing of their movements rather than the trajectory, despite the instruction to hit as quickly as possible, we also examined the median reaction and movement times.
The appearance of the Wrst image of the target within a trial (or of the Wrst image with a new target orientation a Wxed time later) did not necessarily coincide with a measurement of the stylus' position. Moreover, images were presented at a diVerent rate (85 Hz) than the rate at which the stylus' position was determined (200 Hz). In order to precisely align the timing of all movement traces to the moment that the target appeared, we used linear interpolation to estimate the stylus' position within the 5-ms intervals between the individual measurements. For each subject in each condition we then determined the median direction in which the stylus was moving at each moment from when the target appeared (at 1000 Hz based on the abovementioned interpolation). We used the median value because it automatically gives little weight to occasional trials in which the subject moved very diVerently, for instance because he or she started moving much too late and therefore in quite a diVerent direction. Consequently, there was no need to remove any trials from the analysis. To isolate the response to the perturbation, we subtracted the median direction on unperturbed trials from that on perturbed ones. We present the average of these diVerences with the standard error across subjects.
Results
On average, subjects hit 79% of the targets in the main experiment. A mixed factor ANOVA for session (i.e. the time at which the perturbation took place) and condition revealed a signiWcant inXuence of condition (P < 0.0001), but no interaction with, or main eVect of, session. Table 1 shows the average percentages of hit targets for each condition of each session. The number of hit targets appears to mainly depend on the Wnal target orientation, probably because of the beneWts of approaching surfaces orthogonally while moving slightly along with the target, but considering the cost of moving the stylus on a very curved path (Brenner and Smeets 2007) .
Reaction time was deWned as the median time from when the target appeared until the stylus moved at 2 cm/s. The overall average of these median reaction times (across subjects, conditions and sessions) was 211 ms. As was to be expected, a mixed factor ANOVA revealed no signiWcant eVects of session or condition ( Table 2 ). The inset in Fig. 2 shows that at least for some subjects the stylus was moving on at least half the trials after only about 170 ms. It is also evident from the inset in Fig. 2 that perturbations that occurred 100 ms after the target appeared generally took place before the movement started, ones that occurred 200 ms after the target appeared took place when the stylus was just starting to move, and ones that occurred 300 ms after the target appeared took place when the stylus was already moving.
Movement time was deWned as the time from when the stylus moved at 2 cm/s until it reached the target's path (even if it missed the target). The overall average of the median movement times for each subject, condition and session was 403 ms. A mixed factor ANOVA for session and condition revealed a signiWcant inXuence of condition (P < 0.001), but no interaction with, or main eVect of, session. Table 3 shows the average movement times for each condition and session. The movements probably took longer in conditions in which the orientation changed to a more diYcult one (so that fewer targets were hit) because adjustments to the path made it longer. Figure 2 shows an example of how subjects adjusted the trajectory to the change in target orientation. The adjustments increased the angle at which the stylus approached the targets (as we expected). From Fig. 2 we can guess that it takes less than 200 ms to respond to a 45° target rotation because the paths clearly start to diverge before the stylus reaches its average position 200 ms later (400 ms after the target appears). However in Fig. 2 the paths are averaged for equivalent traversed percentages of the trajectory rather than for equivalent moments. To get a better estimate of the latency of the response, we examined the direction in which the stylus moved as a function of time.
In order to make it easier to see the response we do not show the direction itself, but the diVerence between the median direction (at each moment) on trials with and without a perturbation (Fig. 3) . It would appear from the Wgure that it takes about 150 ms to respond to a 45° change in target orientation (for rotations at 100 or 200 ms). This is the moment at which the average values start to systematically diverge, both from the value of zero (i.e. relative to unperturbed trials) and from each other. A latency of 150 ms means that the response takes place 250, 350 and 450 ms after the target appears for rotations at 100, 200 and 300 ms. In order to ensure that the diVerences that we see in Fig. 3 are consistent across subjects, we used Wilcoxon signed rank tests to compare the individual median responses to clockwise and counter-clockwise target rotations (at each moment). We used one-tailed tests because we can predict the direction of the response. We selected this test because it does not entail assuming that all subjects will respond equally vigorously to the perturbation. We only considered diVerences that remained signiWcant for at least 50 ms. The vertical dashed lines indicate the moments at which the curves start to diVer signiWcantly. This was the case after about 190 ms, which conWrms that the response must have consistently started shortly before that time. It is not clear that there is a response after about 150 ms for the rotation at 300 ms. A quick look at Fig. 2 suggests why. We expect an initial deXection to the left (downwards in Fig. 3 ) for a ¡45° rotation (red traces) because the stylus has to initially move to the left to hit the target from the left (and therefore at a larger angle). However, by 450 ms after the target appeared the stylus has started curving back towards the target, so the expected inXuence of the target's orientation reverses (see red dotted path in Fig. 2) . We see such a reversal in the bottom panel of Fig. 3 , although none of the diVerences are statistically signiWcant.
The systematic diVerence between responses to ¡45°a nd +45° target rotations, with a latency of about 150 ms, was not found for ¡90° and +90° rotations (Fig. 4 ). There appears to be no diVerence between responses to ¡90° and +90° rotations (Wilcoxon signed rank tests revealed a signiWcant diVerence for rotation at 300 ms, but its latency was too short for the diVerence to be taken seriously: less than 100 ms). When the change in orientation took place at 100 ms there does seem to be an eVect of the new orientation after about 200 ms. At that time the hand starts moving more to the right (upwards in the Wgure). This is the case for both directions of rotation, so it is not revealed by our statistical test. A similar but much less clear inXection after about 200 ms (at about 400 and 500 ms) can be seen for the rotations at 200 and 300 ms. Thus, there appears to be a (slow) response to the new direction, but no response to the rotation itself.
Another change that we found is that the variability across trials increases after §90° rotations. For targets that maintain a ¡30° angle, the mean (across subjects, for the session with rotation at 100 ms) inter-quartile range of the lateral position of the stylus when half way to the target was 1.01 cm. After ¡90° and +90° rotations the mean interquartile ranges were 1.81 and 1.80 cm, respectively (both larger than the ranges on unperturbed trials: P < 0.05; onetailed Wilcoxon signed rank test). After ¡45° and +45°r otations the inter-quartile ranges also increased, but much more modestly (to 1.28 and 1.08 cm, respectively; only the Wrst being statistically signiWcant). The larger variability is probably mainly related to the new orientation, rather than to responding to the rotation, because the mean inter-quartile range is 2.06 cm for targets that are oriented at 60° from the start. The larger variability is not surprising because the optimal path depends much more on details such as the timing of the hit for the more awkwardly oriented target. For instance, for the 60° target even the side that one aims for may diVer between trials: if one were to hit it early it would be advantageous to initially curve to the right and hit it from the 'front', whereas if one were to hit it late it would be advantageous to initially curve to the left and hit it from 'behind'. Rotations at 200 and 300 ms had very little eVect on the variability when half way to the target, but considering a response latency of about 200 ms this is not surprising because the stylus will have already reached the distance in question before there has been enough time to respond.
In order to judge whether a response is exceptionally fast one must consider how the response latency was judged, because the latency that is estimated depends on the way one analyses the data. It can depend on the measure used (position, velocity, acceleration, direction) as well as how one extracts the latency from this measure. For instance, our estimate based on statistical testing across subjects determines the moment at which most subjects are certainly responding. The estimate based on visual inspection of the curves could potentially identify the true onset of the response, but it is biased towards the response of the fastest subject. The latency may also depend on details of the task such as the amplitude and direction of the perturbation (Sarlegna et al. 2003 ) and on contrast levels (Veerman et al. 2008) . Our control experiment provides a direct comparison with the response to a target jump, using the same target, the same analysis and a comparable anticipated response. Previous studies that found exceptionally fast responses to a sudden change in target position used static targets, but in order to keep the conditions as similar as possible to those of the main experiment we displaced the target while it was moving.
The direction in which the stylus moved changed about 100 ms after the moving target jumped (Fig. 5) . Wilcoxon signed rank tests revealed that there were signiWcant diVerences between the responses to 5-mm shifts in the two directions after 132, 127 and 111 ms when the shifts occurred at 100, 200 and 300 ms, respectively. The apparent decrease in latency when the jump occurred later cannot be taken to indicate that responses are faster for changes that occur during the movement because when the jump occurred 100 ms after the target appeared the diVerence was visible as soon as the stylus started moving. Moreover, such modest diVerences in latency under speciWc conditions should not be taken too seriously anyway, because they could easily arise from details that are speciWc to the experiment such as the retinal eccentricity of the target when it changes orientation or how well it is pursued at that time. A repeated-measures ANOVA showed that there were no signiWcant diVerences between the seven conditions (no shift, or a 5-mm shift in either direction after 100, 200 or 300 ms) in the percentage of targets hit (on average 96%), in the median reaction time (224 ms) or in the median movement time (351 ms).
Discussion
The responses to the rotation are neither exceptionally fast nor direct responses to a single aspect of the visual stimulation. Subjects hardly took less time to respond to a 45°c hange in target orientation (Fig. 3) than to initiate the movement when the target Wrst appeared (inset in Fig. 2 ). This could partly be because the reaction times in the present study are quite short, perhaps as a result of the target always appearing at the same place and moving at the same speed. However, the response to 45° rotations took about 50 ms longer than that to additional 5-mm changes in position under similar conditions (Fig. 5) . As already mentioned, it also takes about 50 ms longer to respond adequately to new circumstances after an obstacle is displaced than to respond directly to the displacement (Aivar et al. 2008 ). Thus, altogether we see no indication of any special mechanism for responding especially quickly to a change in orientation during the movement. Moreover, the responses were not driven directly by the rotation, but by the new target orientation after the change, because we Wnd similar responses for the ¡90° and +90° target rotations (Fig. 4) . It did not appear to matter for the latency to respond to either perturbation whether the hand was already moving or not. The latency of approximately 100 ms for responding to a shift in target position is consistent with estimates from previous studies in which a static target was displaced (Brenner and Smeets 1997; Pisella et al. 1998; Veerman et al. 2008) and with improved performance when the hand reappears after having been occluded until about 135 ms before reaching the target (Carlton 1981) . That the displacement was very small (only 5 mm), the target was moving, and subjects did not notice the displacement (as in Goodale et al. 1986; Prablanc and Martin 1992) does not seem to be important. The modest variability across subjects in the initial response to the shifts (see width of shaded areas in Fig. 5 ) is consistent with this being an automatic response to the changed visual information. Desmurget et al. (1996) found that subjects could respond to a change in the orientation of a bar that they were trying to grasp in less than 130 ms. However, that response may have been driven by changes in the positions of the grasping points. When an object rotates around a point between the grasping points, the latter move in opposite directions at the two sides of the object (in their case the changes in position would each be about 2 cm). If grasping emerges from bringing the digits to grasping points (Smeets and Brenner 1999) , then moving the grasping points in opposite directions will result in a change in hand orientation as a response to the changing positions rather than as a response to the change in orientation. However, we obviously cannot exclude the possibility that the orientation of the hand is adjusted as a direct response to the change in target orientation when grasping.
Intercepting a moving target is far from simple. To successfully make contact one must be at the right place at the right time. To increase ones accuracy, one could choose a path that minimizes the motion relative to the target near the moment of contact and one could approach the target's surface more or less orthogonally, but one will not want to follow a too curved path and one may want to make contact in a particular manner, for instance in order to hit the target in a certain direction (Brenner and Smeets 2007) . One may also want to consider the likelihood of certain perturbations (Teixeira et al. 2006) . Thus, many issues need to be considered when selecting a trajectory. The results of the present study suggest that it takes at least 150 ms to take all these issues into account, including the time taken to obtain the necessary sensory information and to get the motor commands to our muscles. This does not include the time needed to make the movement or any time it takes to decide what action should be taken. Our Wndings conWrm that considering the new circumstances, including the target's orientation, takes about 50 ms longer than responding directly to a change in position.
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